Infrared spectroscopy is demonstrated to sensitively detect electronic excitations in 1-nm-wide wires made of indium. The polarization-dependent spectra measured at room temperature show a strong broadband plasmonic absorption feature in the direction parallel to the wires, while in the perpendicular direction the wires stay nearly transparent in the same spectral range. At 88 K the wires do not show this broadband absorption anymore, but instead, several interband-transition features arise for both polarizations, in agreement to the gap opening of the metal-to-insulator transition as known for this one-dimensional structure. © 2010 American Institute of Physics. ͓doi:10.1063/1.3451461͔
Infrared ͑IR͒ spectroscopy is a sensitive tool for materials research down to the nanometer scale. Besides its high spectral resolution, one of the biggest advantages is its accessibility to low energy electronic excitations and to the metallic conductivity, 1,2 which is of special interest for characterizing future nanoscale device materials.
In the present letter, we report on the IR spectroscopic detection of electronic excitations in 1-nm-wide In atomic wires on a Si substrate. At room temperature ͑RT͒, we observed a strong and broad absorption feature for the electric field along the wire direction, but in the wire-perpendicular direction only marginal absorption was observed. For both polarization directions, the RT spectra do not show any prominent feature associated with interband transitions. However, upon cooling down to 88 K, the strong and broad feature disappears and weaker but sharper absorption bands appeared at 0.48 and 0.72 eV, which are attributed to interband transitions of this system.
3, 4 The temperature dependence of the IR spectra is consistent with the excitation of one-dimensional plasmons in In wires ͑with finite length͒ at RT and their disappearance at low temperature ͑LT͒ due to the metal-to-insulator transition.
The experiments were conducted under ultrahigh vacuum conditions at a base pressure of 1 ϫ 10 −10 mbar. The chamber is equipped with a liquid nitrogen cryostat and connected to a nitrogen purged Fourier-transform IR spectrometer ͑Nicolet-Japan, NEXUS670͒ via ZnSe windows. Surface morphology at RT and LT is investigated by reflection highenergy electron diffraction ͑RHEED͒. The periodic array of In-atom chains is self assembled onto a vicinal Si͑111͒ wafer ͑12ϫ 5 mm 2 ͒, with miscut angle of 0.9°toward the ͓112͔ direction. The Si wafer was cleaned by standard flash heating, 5 and about 0.9 monolayers ͑ML͒ of In were deposited onto the cleaned substrate at 350°C. In was evaporated from an alumina coated tungsten basket at deposition rate of 0.2 ML/minute. Due to the template effect of the vicinal wafer, In chains were aligned along the step direction and form a macroscopic single-domain surface superstructure with 4 ϫ 1 periodicity. 6, 7 IR spectroscopy at RT and at 88 K was performed in transmittance geometry ͑at normal incidence, 8 cm −1 resolution͒ with a polarizer used for either parallel or perpendicular excitation regime of electric field with respect to the atom-chains. Since the In-nanostructure layer is much thinner than the IR wavelength, the decrease in transmittance due to the In structure is linearly proportional to its dynamic conductivity 2 or, more simply spoken, to the absorption by the In chains. The IR beam with a diameter of 4 mm probes an area where the In structure is formed uniformly. Relative spectra were obtained by dividing the spectra of the In chains on Si by the spectrum of the clean Si͑111͒ −7ϫ 7 ͑measured before In deposition͒ at the same temperature. The stability of the entire set up was checked prior to the spectral measurements. The baseline intensity drift with time is below 0.1% of transmittance per one hour.
The ͑relative͒ transmittance spectra at RT for different polarization reflect the anisotropy of the conductivity of the In wires. As can be seen in Fig. 1 , the transmittance shows a strong absorption for electric field in the chain direction ͑par-allel polarization, ⌫ X direction͒. On the contrary, for the perpendicular polarization direction ͑X M direction͒ the system stays almost transparent in the same frequency range. Because of the low energy and its strong anisotropy, the observed feature must be related to the one-dimensional metallic band of the In wires 3, 7, 8 which is shown in the electronic band calculation ͓see Fig. 1͑b͔͒ . For polarization parallel to the chains, a Drude-type metallic tail from the dc to the visible range is expected. However, surprisingly, we observed a broad resonance-like absorption signal ͓Fig. 1͑c͒: red squares͔ centered at 0.2 eV and vanishing absorption toward lower wave numbers. The transparent behavior at low wave numbers and the 0.2 eV absorption feature might be attributed to the existence of a 0.2 eV band gap at the Fermi level. However, such assignment contradicts many preceding experiments that showed nonvanishing density of states at the Fermi level of the RT phase. 6 Additionally, the observed RT feature is too broad and too strong compared to typical interband transitions.
It is more likely that the observed feature belongs to a low-energy plasmonic excitation in atom wires. 7, 9 For the plasmon wavelength longer than a characteristic chain length L, the plasmon wavelength stays at the value for q = / L, where a standing wave is formed, which allows IR optical detection. For example, for finite-size Ag particles it was experimentally shown that the plasmonic frequency below q Ͻ / L stays at the value for q = / L. 10 For the In-atom chains, the dispersion curve from electron energy loss spectroscopy ͑EELS͒ ͑Ref. 7͒ extends to a lowest plasmon energy ͑that could be detected separately from elastic reflection͒ of about 150 meV for a momentum of q = 0.0033 Å −1 . According to q = / L, the chains are at least about 100 nm long in that EELS study. One has to take into account that this estimate of L is a rather rough one since the plasmon dispersion curve in Ref. 7 is very steep and the experimental energy resolution was limited. According to q = / L and referring to the dispersion relation of Ref. 7 , it follows an average-length estimate of about L = 55 nm from the resonance in our IR spectrum at RT, which is in reasonable accordance with the L estimate from EELS data. The expected relationship between In-chain length L and IR resonance gets further support from IR spectral observations on smaller 4 ϫ 1 superstructures of samples prepared with annealing temperatures below 350°C, see blue triangles in Fig. 1͑c͒ . The RHEED spots from these samples are broader than the former ones and the IR resonance appeared at about 0.25 eV, from which we can roughly estimate a mean L of about 48 nm. Our findings on finite metallic chains are in general accordance with theoretical studies of fundamental plasmon resonances in Na-atom chains 11 that show a blueshift in the longitudinal mode ͑po-larization parallel to the chain͒ with decreasing L. For polarization perpendicular to the chain, plasmonic excitation ͑the transverse plasmon mode͒ is at much higher energies for the same L and has much lower oscillator strength. 11 Thus, the transparency of the In chains on silicon at RT for polarization perpendicular to the chains is in agreement to the calculated Na-chain behavior. The plasma frequency ͑parameter of the Drude model 2 ͒ for the In chains as derived from the oscillator strength associated with electron or hole pockets 12 in chain direction is Pʈ = 48 420 cm −1 . This value is comparable to typical metal data and thus allows us to compare the present system to other metal atom chains like those of Na atoms. Figure 2 compares spectra of the In chains for different temperatures under electric field parallel to the chains. The strong spectral changes are attributed to the phase transition from In 4 ϫ 1 ͑RT͒ to In 8 ϫ 2 ͑LT, 88 K͒. This metal-toinsulator transition is associated with a periodic lattice distortion, as indicated in Fig. 2 . The In 8 ϫ 2 phase does not show anymore the strong and broad plasmonic feature around 0.2 eV but a weaker and broader one at about 0.26 eV and two very significant absorption peaks at 0.48 and 0.72 eV. Figure 3 shows the LT IR spectra of the In 8 ϫ 2 phase for the two different polarization directions. The inset ͑upper right͒ provides the calculated band structure using the SIESTA code 13 for the In chains on a five-bilayers Si slab with a k-sampling equivalent to 256 k-points in the ͑1 ϫ 1͒ unit cell. The large number of k-points and relatively thick slabs are crucial for convergence of the results, furthermore, to obtain a fully converged excitation spectrum we have used up to 1444 k-points in the 8 ϫ 2 Brillouin-zone ͑inset, upper left͒. In the IR spectra for the two polarization directions we see similar spectral structures with a stronger absorption for polarization along the chain direction. Below 0.15 eV, the In 8 ϫ 2 structure for both the polarization directions is more transparent than the 7 ϫ 7 Si surface, which indicates the insulating character of the 8 ϫ 2 surface, since the 7 ϫ 7 Si has metallic surface states. In Fig. 3 , the observed transitions are assigned to interband transitions from the nearly parallel bands close to the Fermi level and nearby the X M direction ͑see inset͒. This identification is based both on the values of the energies and on a detailed analysis of the values of dipolar transition matrix elements. Indeed, the calculated dynamic conductivity for the 8 ϫ 2 structure ͑see inset͒ is in rather good agreement with the experimental results. It exhibits three clear peaks at 0.28, 0.40, and 0.77 eV, that can be identified with the E 1 , E 2 , and E 3 experimental transitions, and a negligible absorption below 0.15 eV. In the experiment, the E 1 peak is somewhat broader and less intense than the calculation. This can be due to both, the limitations of density functional calculations and the observed preparation dependence of E 1 .
In the experimental spectra, the absorption structure at 0.26 eV ͑E 1 ͒ is rather broad. We found typical values for the maximum of E 1 between 0.2 and 0.3 eV. The position of this absorption maximum depends on preparation details that can introduce imperfections or the coexistence of different structural phases like ͱ31ϫ ͱ 31 and differently oriented 4 ϫ 1 domains. Impurity and imperfection related issue was reported previously 14 and the calculated band structure indeed shows a strong dependence on the smallest structural details. Furthermore, the imperfections can make some transitions visible that were optically silent originally. In particular, the transitions around ⌫ , although slightly larger in energy and with negligible spectral weight for the pristine surface, could contribute with a broad feature near 0.3 eV because of the larger dispersion compared to the bands nearby X M .
In summary, IR spectroscopy was demonstrated to be a powerful tool to detect the low-energy electronic features of 1-nm-wide metallic wires on IR-transparent Si. In the RT metallic phase, In wires produce strong IR absorption with high anisotropy; an unexpected resonance-like feature appears that we assigned to plasmonic excitations in finitelength atom chains. In the LT phase, sharp absorption features were observed at 0.48 and at 0.72 eV and a structuresensitive one at about 0.26 eV, in quite reasonable agreement with the theoretical predictions. These features show little anisotropy and are attributed to interband transitions. 
